The cytoplasmic translation factor eEF1A has been implicated in the nuclear export of tRNA species in lower eukaryotes. Here we demonstrate that eEF1A plays a central role in nuclear export of proteins in mammalian cells. TD-NEM (transcription-dependent nuclear export motif), a newly characterized nuclear export signal, mediates efficient nuclear export of several proteins including the von Hippel-Lindau (VHL) tumor suppressor and the poly(A)-binding protein (PABP1) in a manner that is dependent on ongoing RNA polymerase II (RNA PolII)-dependent transcription. eEF1A interacts specifically with TD-NEM of VHL and PABP1 and disrupting this interaction, by point mutations of key TD-NEM residues or treatment with actinomycin D, an inhibitor of RNA PolII-dependent transcription, prevents assembly and nuclear export. siRNA-induced knockdown or antibody-mediated depletion of eEF1A prevents in vivo and in vitro nuclear export of TD-NEM-containing proteins. Nuclear retention experiments and inhibition of the Exportin-5 pathway suggest that eEF1A stimulates nuclear export of proteins from the cytoplasmic side of the nuclear envelope, without entering the nucleus. Together, these data identify a role for eEF1A, a cytoplasmic mediator of tRNA export in yeast, in the nuclear export of proteins in mammalian cells. These results also provide a link between the translational apparatus and subcellular trafficking machinery demonstrating that these two central pathways in basic metabolism can act cooperatively.
INTRODUCTION
In eukaryotes, the formation of the nuclear envelope resulted in the segregation of the cell into two distinct cellular compartments, the nucleus and the cytoplasm. This division necessitated the concomitant evolution of regulated nuclearcytoplasmic transport pathways in order to maintain rapid and specific communication between these cellular compartments. The regulated and timely bidirectional trafficking of RNA and protein cargoes into and out of the nucleus is a prerequisite for basic biological processes. Disruption of such nuclear-cytoplasmic transport pathways results in deregulation of cellular processes and may lead to various diseases (Smith and Koopman, 2004; Terry et al., 2007; Truant et al., 2007) .
Nuclear-cytoplasmic transport of all molecules, such as proteins and RNA species, across the nuclear envelope occurs through channels formed by macromolecular structures known as nuclear pore complexes (NPCs; Wente, 2000; Rout and Aitchison, 2001) . Although differences exist between protein and RNA transport, the same fundamental sequence of events are conserved; essentially, cargoes bind to soluble transporters in the donor compartment, are transported through NPCs, and are released in the target compartment. A general theme in the export of proteins from the nucleus to the cytoplasm is that specialized export receptors (exportins) of the ␤-karyopherin family of transporters recognize cargoes harboring specific export signals, such as the recognition of the classical leucine-rich nuclear export signal (NES) by the CRM1 exportin (Fischer et al., 1995; Wen et al., 1995; Fornerod et al., 1997; Fukuda et al., 1997; Stade et al., 1997; Gorlich and Kutay, 1999) . Exportins form complexes with substrates in the nucleus with the aid of a small GTPase, Ran (Moore and Blobel, 1993; Melchior and Gerace, 1998; Moore, 1998) . The loading and release of substrates with exportins is dependent on a concentration gradient of RanGTP across the nuclear envelope (Izaurralde et al., 1997; Richards et al., 1997) . Exportins preferentially bind their substrate at high nuclear RanGTP levels and exit the nucleus as exportin-cargo-RanGTP complexes (Richards et al., 1997; Macara, 2001) . Substrates are then released in the cytoplasm upon hydrolysis of RanGTP to RanGDP and exportins return to the nucleus for another round of export.
In recent years it has become apparent that several proteins, unrelated to exportins, play important roles in the nuclear export of proteins and RNAs by exerting their effects from the cytoplasmic side of the nuclear envelope. Current advances in understanding RNA export have revealed a crucial role for several cytoplasmic proteins in the export of mRNA. The DEAD-box protein Dbp5, an ATPase that binds to the cytoplasmic filaments of the NPC, was found to be essential for mRNA export and was postulated to act as a molecular motor to pull mRNAs through the nuclear pore (Tseng et al., 1998; Hodge et al., 1999; Schmitt et al., 1999; Weirich et al., 2004; Cole and Scarcelli, 2006) . Mutations of the DBP5 gene or altering the interaction between Dbp5 and Nup159, a nucleoporin of the cytoplasmic filament of the NPC, lead to a dramatic and rapid block of mRNA export (Snay- Hodge et al., 1998; Tseng et al., 1998; Hodge et al., 1999; Schmitt et al., 1999) . In addition, the ATPase activity of Dbp5 is stimulated by Gle1, an essential mRNA export factor that is also primarily located at the cytoplasmic face of the NPC (Alcazar-Roman et al., 2006; Weirich et al., 2006) . Gle1 mutant strains have been previously shown to exhibit strong defects in mRNA export. In accordance with these observations it has been recently shown that a mutant variant of Gle1 that fails to interact with cytoplasmic Dbp5 considerably reduced the ability of mRNAs to export form the nucleus (Alcazar-Roman et al., 2006; Weirich et al., 2006) . Also, the GTPase-activating protein RanGAP1 and its stimulatory factor RanBP1, which are crucial for the hydrolysis of RanGTP to RanGDP, are exclusively cytoplasmic proteins (Coutavas et al., 1993; Bischoff et al., 1994; Bischoff et al., 1995a,b; Matunis et al., 1996; Richards et al., 1996; Mahajan et al., 1997) . Mislocalization of either RanGAP1 or RanBP1 to the nuclear compartment through microinjection experiments inhibited major nuclear export of proteins and certain RNA species (Izaurralde et al., 1997) .
In yeast, the involvement of cytoplasmic factors has also been demonstrated for nuclear export of tRNA. Both the translation elongation factor eEF1A and the newly characterized protein Cex1p have been described as cytoplasmic components of the nuclear aminoacylation-dependent tRNA export pathway (Grosshans et al., 2000a,b; Kohler and Hurt, 2007; McGuire and Mangroo, 2007; Hopper and Shaheen, 2008) . eEF1A and Cex1p were found to copurify with one another and to interact directly with aminoacylated tRNA (Grosshans et al., 2000a; McGuire and Mangroo, 2007) . In a yeast genetic system, strains with reduced levels of, or mutated, eEF1A exhibited strong accumulation of mature tRNAs in the nuclear compartment (Grosshans et al., 2000a; McGuire and Mangroo, 2007) . Depletion of Cex1p also reduced the efficiency of nuclear tRNA export (McGuire and Mangroo, 2007) . However, cells with reduced levels of both eEF1A and Cexp1 showed a significantly increased level of nuclear tRNA retention. These observations support the idea that eEF1A and Cexp1 function in the same pathway, as cytoplasmic export factors involved in tRNA export. In fact, because Cex1p interacts with the NPC it was postulated that Cex1p accepts aminoacyl-tRNAs from the nucleus at the cytoplasmic side of the NPC and delivers them to eEF1A through a channeling mechanism (McGuire and Mangroo, 2007) . Altogether, these examples provide evidence that proteins residing in the cytoplasm orchestrate events on the cytoplasmic side of the nuclear envelope that are equally as important as those occurring in the nucleus during nuclear export of proteins and RNA species.
We have recently identified a novel nuclear export sequence, TD-NEM (transcription-dependent nuclear export motif), that mediates efficient nuclear export of proteins such as the von Hippel-Lindau (VHL) tumor suppressor and the poly(A)-binding protein PABP1 (Khacho et al., 2008) . Nuclear export through TD-NEM, which is encoded by the consensus sequence DxGx 2 Dx 2 L, requires ongoing RNA Polymerase II (RNA PolII)-mediated transcription and operates independently of the classical CRM1/NES-mediated nuclear export pathway (Khacho et al., 2008) . Here we report the identification of the translation elongation factor eEF1A as a cytoplasmic factor involved in TD-NEM-mediated nuclear export. These results suggest that eEF1A, a mediator of tRNA export in yeast, is also involved in the nuclear export of proteins in mammalian cells. These findings further argue that factors limited to the cytoplasmic compartment can be essential mediators of the nuclear export pathway.
MATERIALS AND METHODS
Cell Culture, Transfections, Drug Treatments, and Hypoxia Treatment 786-0 (VHL-negative) renal carcinoma cells, MCF-7 cells and A549 cells were obtained from the American Type Culture Collection (Manassas, VA). Cells were maintained in DMEM supplemented with 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P-S) in a 37°C and 5% CO 2 environment. Transient transfections in MCF-7 and A549 cells were conducted with Effective transfection reagent (QIAGEN, Chatsworth, CA). Transfected cells were incubated for 24 h before any manipulations or drug treatment. Where indicated cells were treated at 37°C with a final concentration of 2 M actinomycin D (ActD) or 10 M leptomycin B (LMB) for 1 h before photobleaching experiments and 8 M ActD, 25 g/ml DRB (5,6-dichloro-1-␤-dribofuranosylbenzimidazole), or 10 M LMB for 3 h before live cell fluorescence imaging or harvesting for immunoprecipitation. Where indicated, cells were treated with 100 g/ml cycloheximide for 2 h. For SD or AP conditions a buffer-free medium (DME; Invitrogen, Carlsbad, CA) was freshly prepared and supplemented with 5% (vol/vol) FBS and 1% P-S. NaHCO 3 , 44 mM, was added and the pH was adjusted to 7.2 (SD) or 6.6 (AP) with HCL. Air was bubbled into both types of media to stabilize the pH at 7.2. In hypoxia the SD media remained stable and the AP media reverted slowly to a pH of 6.6.
Plasmids and Adenoviruses
VHL and deletion mutants were cloned into pcDNA3.1 between an NH2-terminal Flag-tag and a COOH-terminal green fluorescent protein (GFP) tag, as previously described (Lee et al., 1999; Bonicalzi et al., 2001; Groulx and Lee, 2002) . F-VHL-GFP-NLS and F-GFP were previously described in Groulx et al. (2000) and Lee et al. (1999) . Human full-length VHL and deletion mutants, the strong nuclear export sequence (NES) from the human immunodeficiency virus REV were inserted into a F-PK-GFP-NLS construct that was previously described in Khacho et al. (2008) and Groulx et al. (2000) . cDNAs corresponding to VHL(114 -138) and PABP1(296 -317) that encode TD-NEM sequences were inserted into F-GFP or F-PK-GFP-NLS. For F-eEF1A-GFP-NLS the human eEF1A cDNA was inserted between Flag and GFP-NLS using ApaI and XhoI restriction sites. The human PABP1 was fused to GFP-F to produce the GFP-F-PABP1 fusion protein. F-VHL-GFP, F-⌬C157-GFP, and F-GFP adenoviruses were produced using the Cre-lox recombination system (Lee et al., 1999; Groulx and Lee, 2002) . PK-GFP-NoDS
Hϩ and PK-GFP-NLS-NoDS Hϩ were previously described in Mekhail et al. (2007) .
Small Interfering RNA
For small interfering RNA (siRNA), experiments cell were transfected with 100 nM of either of eEF1A siRNA (2991, 2804; Ambion, Austin, TX), Exp5-1 siRNA (Lund et al., 2004) , eEF2 siRNA (10791; Ambion), control siRNA (Ambion), or Effectene alone (mock) for 48 h before photobleaching experiments or 72 h before. Where indicated siRNA-transfected cells were treated with 8 M ActD for 3 h after a 72-h incubation period with siRNA and before live cell fluorescence imaging. For photobleaching experiments, siRNA-transfected cells were treated with 2 M ActD for 1 h after a 48-h incubation period with siRNA and before FLIP (fluorescent loss in photobleaching) analysis.
Photobleaching and Microscopy
Cells were cultured and transfected directly onto 35-mm dishes with coverslip bottoms (MatTek, Ashland, MA). Photobleaching and live cells microscopy was performed using a confocal microscope (LSM5 Pascal Laser Scanning Microscope, Carl Zeiss, Toronto, Ontario, Canada). In all experiments cells were maintained at 37°C in an environmental chamber. A 63ϫ plan Apo oil immersion lens with a 1.4 NA was used for bleaching and imaging. Indicated areas were exposed to three rapid pulses of a 488-nm argon laser at 100%, and image acquisition was at 1% of full laser power. A highly quantitative live cell nuclear export assay utilizing FLIP (fluorescent loss in photobleaching) technology was used to measure nuclear export activity. For these cytoplasmic FLIP experiments, a fusion protein consisting of the large and amorphous pyruvate kinase (PK), which does not encode localization determinants, GFP, and the nuclear localization signal (NLS; Kalderon et al., 1984) derived from the simian virus large T antigen SV40 (PK-GFP-NLS) was used. Cells expressing a PK-GFP-NLS-tagged fusion protein were repeatedly bleached in a small cytoplasmic region and imaged at 30-s intervals. Small bleached areas for cytoplasmic FLIPs were kept consistent in terms of size and distance from the nucleus. Fluorescence loss in the unbleached areas (nuclei) was quantified as previously described (Phair and Misteli, 2000; Mekhail et al., 2005) using the following equation: I rel ϭ (I (t) /I (0) )‫(ء‬N (0) /N (t) ), where I (t) is the average intensity of the unbleached nucleus or cell at time point t, I (0) is the average prebleached intensity of the nucleus or cell of interest, and N (0) and N (t) are the average nuclear or cellular fluorescence intensity of a neighboring cell in the same field of vision at prebleach or at time t, respectively. This calculation accounts for any losses in fluorescence by normalizing the fluorescence of the cell of interest to that of a neighboring cell of approximate equal size and fluorescent intensity. Pseudocolor images were generated to highlight differences in GFP fluorescence: red represents high fluorescent intensity and light blue represents low fluorescent intensity. The quantification graphic was generated by a FLIP software. For all bleaching experiments ϳ10 datasets were analyzed for each result. 
Immunoprecipitation, Silver Staining, and Immunoblotting
Cells were lysed in lysis buffer containing 0.5% Igepal CA630, 100 mM NaCl, 20 mM Tris-HCl (pH 7.6), 5 mM MgCl 2 , and 1 mM sodium orthovanadate with 2 g/ml leupeptin, 2 g/ml aprotinin, and 1 g/ml pepstatin. Cell lysates were incubated with anti-Flag M2 beads (Sigma) overnight while tumbling at 4°C. Beads were washed several times and eluted with Flag peptides (Sigma). For total cell lysates, cells were washed several times in phosphate-buffered saline (PBS), lysed with 4% SDS in PBS, and boiled for 5 min, and the DNA was sheared by passage through a 19-gauge needle. Protein concentration was quantified using the bicinchoninic acid (BCA) method (Pierce, Rockford, IL). Samples were separated on denaturing polyacrylamide gels. Silver-stained gels were performed according to manufacturer's protocol (Bio-Rad Laboratories, Richmond, CA). Western blot gels were transferred onto PVDF membranes and blocked in skimmed milk powder in PBS containing 0.2% Tween 20 (PBST) before incubation with Flag-M2 (Sigma), eEF1A (Santa Cruz Biotechnology, Santa Cruz, CA), actin (Sigma), eEF2 (Cell Signaling Technology, Beverly, MA) or Expotin-5 (a kind gift from Full-length VHL and the truncation mutant ⌬C157 mediate nuclear export of a PK-GFP-NLS reporter protein; however ⌬114 -154 is nuclear export deficient. MCF-7 cells transiently expressing VHL, ⌬C157 or ⌬114 -154 fused to the PK-GFP-NLS reporter protein were subjected to the live cell FLIP nuclear export assay. The PK-GFP-NLS reporter consists of the large and amorphous pyruvate kinase (PK) to ensure that movement across the NPC is not due to diffusion, GFP to provide fluorescence, and a strong nuclear localization signal (NLS) to ensure all fusion proteins exhibit similar rates of nuclear import and to obtain a strong steady-state nuclear localization. In this assay a small region of the cytoplasm (white squares) within specific cells (dashed circles outline cell nuclei) was repeatedly photobleached. Kinetics for the loss of nuclear fluorescence, which indicates nuclear export activity, from images in A were calculated and plotted on a graph (B). ( 
Immunofluorescence
Cells were seeded onto coverslips and fixed with prechilled methanol for 10 min at Ϫ20°C followed by prechilled acetone for 1 min at Ϫ20°C. Anti-PABP1 mAb was used (Upstate Biotechnology, Lake Placid, NY). Cells were incubated for 1 h with a primary antibody solution containing 10% FBS and 1% Triton-X-100 (vol/vol) at room temperature in a humidified chamber. Cells were then washed several times in PBS before a 1-h incubation with a secondary Texas Red-labeled antibody (Jackson ImmunoResearch) at room temperature in a dark humidified chamber. Hoechst stain 33342 (Sigma) was added to visualize nuclei and coverslips were mounted using Fluoromount G (EMS, Hatfield, PA).
Radioisotope Labeling
Cells were plated on 35-mm dishes after which they were transfected with 100 nM eEF1A, eEF2, or scrambled siRNA (mock) for 48 and 72 h. At the indicated times cells were incubated for 30 min in glutamine-, methionine-, and cysteine-free DMEM and then labeled with 10 Ci/ml [ 35 S]Met for 30 min. Cells were harvested and lysed for 30 min at 4°C with modified RIPA lysis buffer containing 50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, and a cocktail of protease inhibitors. Total cellular lysates were separated on a denaturing polyacrylamide gel. The gel was transferred onto a PVDF membrane, and [
35 S]Met labeling was visualized by autoradiography. The membrane was washed three times in PBST and blocked in skimmed milk powder in PBST before incubation with eEF1A and eEF2 antibodies.
In Vitro Nuclear Export Assay
The in vitro export assay was performed as described in Groulx et al. (2000) . Briefly, cells were plated and grown on a 35-mm coverslip plate. Cells were washed with transport buffer (TB) containing 20 mM HEPES, pH 7.3, 110 mM KOAc, 5 mM NaOAc, 2 mM Mg(OAc) 2 and permeabilized at 4°C for 5 min with TB containing 50 g/ml digitonin and a protease inhibitor mixture (Hoechst stain 33258; Sigma) was used to monitor the permeabilization). After several washes with TB at 4°C, cells were incubated for 30 -45 min at 20°C in the presence of a standard mixture that included MCF-7 cellular lysate, TB, 2 mM ATP, 2 mM GTP, and an ATP-regenerating system (5 mM creatine phosphate and 20 U/ml creatine phosphokinase) to a final volume of 1 ml. To obtain the MCF-7 cellular lysate, first MCF-7 cells were incubated in RSB hypotonic buffer containing; 10 mM HEPES, pH 6.2, 10 mM NaCl and 1.5 mM MgCl 2 , for 15 min at 4°C. Cells were then homogenized in a tight pestle homogenizer. Protein concentrations were quantified using the BCA protocol. For experiments using eEF1A-or eEF2-depleted MCF-7 cellular lysates, cells were homogenized as described above. Lysate containing 0.5 mg of proteins was incubated in the presence of 10 g of eEF1A antibody or 10 g of eEF2 antibody and a cocktail of protease inhibitors for 1 h while rotating at 4°C. Undepleted lysates were incubated with 10 g of irrelevant Flag antibody as a control. This was followed by incubation with 20 l protein A/G PLUSagarose beads (Santa Cruz Biotechnology) for 3 h at 4°C. Cells were then spun to remove beads bound to immunoprecipitated eEF1A of eEF2. This was followed by another round of eEF1A or eEF2 depletion using 10 g of eEF1A antibody or 10 g of eEF2 antibody and 20 l protein A/G PLUS-agarose beads; however the immunoprecipitation was performed overnight. The lysate was spun and an aliquot of the supernatant immunoblotted to verify depletion of eEF1A or eEF2. Actin was used as a control. Lysates that were successfully depleted of eEF1A or eEF2 were used in the export assay in the same manner as described above.
RESULTS

The Translation Elongation Factor eEF1A Is a Novel VHL and PABP1-interacting Protein
The VHL tumor suppressor, a recognition motif of a Cullin-2-containing E3 ubiqutin ligase complex, and PABP1, a general RNA metabolism and translation initiation factor, engage in a nuclear export pathway that is dependent on ongoing RNA PolII activity and a novel nuclear export motif, TD-NEM (Afonina et al., 1998; Lee et al., 1999; Groulx and Lee, 2002; Khacho et al., 2008) . As previously reported, addition of RNA PolII inhibitors, such as ActD, inhibits nuclear export of both VHL and PABP1. In contrast, nuclear export of VHL and PABP1 is not affected by leptomycin B (LMB), a compound that abolishes CRM1-dependent nuclear export of NES-containing proteins (Afonina et al., 1998; Kudo et al., 1999; Lee et al., 1999; Khacho et al., 2008) . This observation indicates that nuclear export of these proteins is independent of the classical CRM1/NES nuclear export pathway. Because nuclear export of VHL and PABP1 requires ongoing RNA PolII-dependent transcription, we considered the possibility that TD-NEM-mediated nuclear export occurs via an mRNA export pathway. However, inhibiting mRNA export using either the vesicular stomatitis virus (VSV; von Kobbe et al., 2000; Faria et al., 2005) or the influenza virus (Satterly et al., 2007) , did not affect nuclear export of VHL (data not shown). Also, we were not able to identify any mRNA or tRNA species associated with VHL (data not shown), suggesting that nuclear export of VHL does not occur through an mRNA or tRNA export pathway. To further investigate the mechanism involved in nuclear export of VHL and PABP1, we produced adenoviruses that express Flag-tagged VHL and ⌬C157, a C-terminal truncation mutant of VHL. ⌬C157 fails to bind to core E3 ubiquitin ligase components but retains the ability to mediate nuclear export of the PK-GFP-NLS reporter in a FLIP nuclear export assay, which measures whether or not a protein can exit from the nucleus (see Materials and Methods), compared with PK-GFP NLS alone that does not encode any nuclear export signals (Figure 1, A and B) , and maintains sensitivity to ActD (Lee et al., 1999; Bonicalzi et al., 2001; Khacho et al., 2008) . Immunoprecipitation of VHL followed by silver staining of the gel revealed several previously identified associated proteins including the core ubiquitin ligase component Cullin-2 (Cul-2) and elongins B and C ( Figure 1C and data not shown; Pause et al., 1997; Feldman et al., 1999; Hergovich et al., 2003) . In addition, we observed a previously unidentified but highly abundant band that migrated at 48 kDa ( Figure 1C ). ⌬C157 only assembled with the 48-kDa protein but not with the core ubiquitin ligase component Cullin-2 or other associated proteins, as expected ( Figure 1C and Ohh et al., 2000; Bonicalzi et al., 2001) . The p48 kDa band was the only major protein found associated with ⌬C157 even in higher or lower percentage gels. Peptide sequence analysis identified p48 as the eukaryotic elongation factor 1A (eEF1A), a key component of the translational machinery (Andersen et al., 2003) .
Assembly of VHL and ⌬C157 with endogenous eEF1A was confirmed by immunoprecipitation and Western blot analysis using anti-eEF1A antibodies ( Figure 1D ). Interestingly, endogenous eEF1A was not able to interact with a deletion mutant of VHL, ⌬114 -154, that does not encode a TD-NEM and fails to engage in nuclear export (Lee et al., 1999; Bonicalzi et al., 2001; Khacho et al., 2008) , suggesting that eEF1A may play a role in nuclear export of VHL. More importantly PABP1 also interacted with endogenous eEF1A ( Figure 1E ). Because ⌬C157 retains transcription-dependent nuclear export activity and only binds to eEF1A, we decided to further characterize this new VHL and PABP1-associated protein for its potential involvement in nuclear export.
We reasoned that if eEF1A is involved in transcriptiondependent nuclear export, its interaction with VHL would be dependent on the presence of TD-NEM, which is encoded within residues 115-130. We found that the nuclear exportdefective VHL ⌬115-130 (Khacho et al., 2008) , which lacks the DxGx 2 Dx 2 L motif that encodes TD-NEM, fails to bind to eEF1A (Figure 2, A and B) . Truncation and deletion analysis revealed a clear correlation between VHL mutants that are able to export the PK-GFP-NLS reporter from the nucleus, in an in vivo nuclear export assay, and interact with endogenous eEF1A (Figure 2, C and D) . These results point to a possible role for eEF1A in TD-NEM-mediated nuclear export of proteins.
eEF1A Is Required for Nuclear Export of Proteins Encoding a TD-NEM
The requirement for eEF1A to mediate nuclear export of TD-NEM-containing proteins was assessed using different approaches. First, we tested the effect of inhibitors of RNA PolII-dependent transcription, such ActD and DRB, which cause nuclear accumulation of VHL and PABP1 (Lee et al., 1999; Bonicalzi et al., 2001; Groulx and Lee, 2002; Khacho et al., 2008) and abrogate TD-NEM-mediated nuclear export (Khacho et al., 2008) . We wanted to test the possibility that ActD alters nuclear export by interfering with the TD-NEM/ eEF1A interaction. Because ActD and DRB cause a nuclear shift in the localization of VHL, we fused VHL-GFP to a strong nuclear localization signal (NLS) in order to start with equal nuclear levels of protein in treated versus untreated cells. Addition of ActD or DRB, which inhibit TD-NEM activity (Figure 3 , B and C, and Khacho et al., 2008) and cause nuclear accumulation of VHL and PABP1 (Lee et al., 1999; Groulx and Lee, 2002; Khacho et al., 2008) , partially prevented assembly between VHL-GFP-NLS and eEF1A (Figure 3A) . Because this experiment most likely captures an in vitro interaction it provides a link between transcriptiondependent nuclear export and eEF1A. These data demon- strate a correlation between inhibition of TD-NEM nuclear export and eEF1A binding and suggest the possibility that ActD and DRB may block nuclear export of VHL by altering its interaction with eEF1A.
Second, we tested the effect of silencing endogenous eEF1A using RNA interference. Silencing of eEF1A with two independent siRNAs markedly reduced the levels of eEF1A protein ( Figure 4A ) but did not result in measurable cell death as quantified by propidium iodide (PI) exclusion (data not shown). Supposing that eEF1A is required for transcription-dependent nuclear export, we reasoned that silencing of its protein levels should alter the steady state localization of TD-NEM-containing proteins in a manner reminiscent to the nuclear accumulation induced by ActD or DRB. Silencing eEF1A led to nuclear accumulation of endogenous PABP1 and transiently expressed VHL-GFP and ⌬C157-GFP, which was similar to that induced by ActD treatment, when compared with untreated cells or those transfected with a scrambled siRNA (Figure 4, B-D) . However, localization of the soluble cytoplasmic fusion protein, GFP-NES, which is altered by LMB, was not affected by eEF1A knockdown or ActD treatment ( Figure 4E ). Because eEF1A is highly abundant it is difficult to achieve a complete knockdown of its protein levels, most likely resulting in residual eEF1A. We hypothesized that silencing eEF1A and treating with ActD, which partially inhibits interaction between eEF1A and VHL ( Figure 3A) , should result in an additive effect because the residual eEF1A would be blocked by ActD. Indeed, transfecting cells with eEF1A siRNA followed by ActD treatment resulted in a significant increase in the nuclear/cytoplasmic ratio of endogenous PABP1 and transiently expressed VHL-GFP and ⌬C157-GFP (Figure 4, B-D) . In fact, we observed a complete nuclear shift of ⌬C157-GFP ( Figure 4D ), a protein that fails to interact with most VHL-binding proteins ( Figure  1C ). To eliminate the possibility that nuclear accumulation is due to a block in translation elongation, we silenced the elongation factor eEF2 ( Figure 4F ) using RNA interference to achieve a comparable decrease in protein synthesis and translational activity as that obtained with eEF1A silencing (Figure 4 , G and H). Silencing eEF2 did not have an effect on the steady-state localization of either endogenous PABP1 or transiently expressed VHL-GFP ( Figure 4I ). Treatment with cycloheximide, an inhibitor of protein translation, also had no effect ( Figure 4I) , confirming that the change in steady- Figure 4 . siRNA-mediated silencing of eEF1A causes nuclear accumulation of TD-NEM-containing proteins. (A) eEF1A-specific siRNA reduces eEF1A protein level. MCF-7 and A549 cells were either mock-transfected or transfected with 100 nM eEF1A siRNA (2991 or 2804) for 72 h and then subjected to Western blot analysis using anti-eEF1A antibody. Actin was used as a loading control. (B) eEF1A knockdown and ActD treatment cause nuclear accumulation of endogenous PABP1. MCF-7 cells were transiently transfected with 100 nM control scrambled siRNA, 100 nM eEF1A siRNA (2991 or 2804), or untransfected for 72 h. Where indicated cells were transfected with 100 nM eEF1A siRNA for 72 h followed by treatment with 8 M ActD for 3 h. Localization of endogenous PABP1 was determined by immunofluorescence using a PABP1-specific antibody. Scale bar, 10 m. (C-E) eEF1A knockdown and ActD treatment results in nuclear accumulation of transiently expressed VHL-GFP and ⌬C157-GFP, but does not affect GFP-NES. MCF-7 cells were cotransfected with 100 nM eEF1A siRNA (2991 or 2804) or control scrambled siRNA and VHL-GFP, ⌬C157-GFP, or GFP-NES. Where indicated, cells were treated with 8 M ActD or 10 M LMB for 3 h after the 72-h incubation after transfection. Insets in B-E show Hoechst staining of DNA; scale bars, 10 m. Graphs in B-D represent relative nuclear: cytoplasmic ratios of fluorescence intensity. (F-I) Nuclear accumulation of TD-NEM-containing proteins in the absence of eEF1A is not due to an overall decrease in protein translation. (F) A549 cells were either mock-transfected or transfected with 100 nM eEF2 siRNA (10791) for 72 h and then subjected to Western blot analysis using anti-eEF2 antibody. Actin was used as a loading control. (G) A549 cells were untransfected, mock-transfected, or transfected with eEF1A or eEF2 siRNA for 72 h. Total cellular protein levels were measured using a standard protein quantification method. The decrease in protein levels in mock-or siRNA-transfected cells was calculated relative to protein levels in untransfected cells. (H) A549 cells were mock-transfected or transfected with eEF1A or eEF2 siRNA for 48 and 72 h. At the indicated times, cells were pulse-labeled for 30 min with [
35 S]Met. Labeled whole cell lysates (WCL) were separated on a 10% SDS-polyacrylamide gel and transferred onto a PVDF membrane, and translational activity was visualized by autoradiography (top panel). The two bottom panels show immunoblots from the same membrane, using eEF1A and eEF2 antibodies. (I) For determining the effect of eEF2 silencing, cells were transfected with only 100 nM eEF2 siRNA or cotransfected with VHL-GFP and 100 nM eEF2 siRNA for 72 h. Endogenous PABP1 was detected by immunofluorescence using a PABP1 antibody. For determining the effect of cycloheximide, cells were either untransfected or transiently transfected with VHL-GFP followed by treatment with cycloheximide for 2 h. Insets, Hoechst staining of DNA; scale bars, 10 m.
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siRNA-mediated silencing of eEF1A protein decreased the nuclear export rate of VHL-PK-GFP-NLS and ⌬C157-GFP to levels similar to those observed upon treatment with ActD when compared with mock or control scrambled siRNA ( Figure 5, A-D) . However, silencing of eEF1A did not have an effect on the nuclear export rate of a classical nuclear export sequence (NES-PK-GFP-NLS; refer to Figure 9C ). This indicates that silencing this translational factor does not alter the nuclear-cytoplasmic trafficking in general. Likewise, silencing eEF2 or treatment with cycloheximide confirmed that the reduced rate of export of VHL-PK-GFP-NLS was not due to the requirement of ongoing protein synthesis ( Figure 5 , A and B) but specifically from the decreased levels of endogenous eEF1A. To further uncouple the function of eEF1A in translation from its role in nuclear export and to provide additional evidence for a role in TD-NEM mediated nuclear export, we performed in vitro nuclear export assays. This assay serves to; 1) uncouple ongoing translation with nuclear export activity of eEF1A because there is negligible ongoing translation in the in vitro export assay and 2) eliminate the possibility for the loss of unknown factor(s) due to the partial arrest in translation in siRNA treatment for 48 and 72 h. Addition of cellular lysate depleted from eEF1A, using eEF1A specific antibodies ( Figure 6A and see Materials and Methods), resulted in a significant decrease in nuclear export of VHL-PK-GFP-NLS in digitonin-permeabilized cells when compared with nondepleted lysate or lysate incubated with an irrelevant Flag antibody ( Figure 6 , B and C). Addition of ActD or DRB to living cells before digitonin treatment resulted in a similar decrease in nuclear export of VHL-PK-GFP-NLS ( Figure 6 , B and C). However, addition of cellular lysate depleted of eEF2 ( Figure 6A ) did not have an effect (Figure 6 , B and C). In vitro nuclear export of Figure 9D ) was depleted of eEF1A or eEF2 using eEF1A or eEF2 specific antibodies (see Materials and Methods for details). The depletion of eEF1A and eEF2 was assessed by Western blot analysis. Actin was used as a control. (B and C) MCF-7 cells transiently expressing the indicated constructs were permeabilized with digitonin and incubated with transport buffer alone, MCF-7 lysate, or MCF-7 lysate that was depleted of eEF1A or eEF2. Where indicated cells were pretreated with 8 M ActD, 25 g/ml DRB, or 10 M LMB for 3 h before permeabilization with digitonin, and the nuclear export assay was performed using undepleted MCF-7 lysate containing the same concentrations of drugs as was used in the pretreatment. All conditions were performed in the presence of ATP-, GTP-, and ATP-regenerating system. Nuclear export was monitored by loss of nuclear fluorescence (B). Relative loss in nuclear fluorescence was calculated and plotted on a graph (C).
NES-PK-GFP-NLS, which is sensitive to LMB (Figure 6 , B and C), was not affected by either eEF1A or eEF2 depletion or by ActD and DRB treatment ( Figure 6 , B and C). These observations verify the results obtained with siRNA-mediated silencing of eEF1A and demonstrate that indeed eEF1A is required for nuclear export of TD-NEM. These results demonstrate that eEF1A binds to and is involved in nuclear export of TD-NEM-containing proteins and are consistent with a previous report showing that eEF1A is required for export of molecules in a yeast genetic system (Grosshans et al., 2000a) .
eEF1A Mediates Nuclear Export from the Cytoplasmic Side of the Nuclear Envelope
We examined the role of Exportin-5 (Exp5) in TD-NEMmediated nuclear export since this exportin plays a role in nuclear export of eEF1A. siRNA-mediated silencing of endogenous Exp5 ( Figure 7A ) essentially abolished the ability of an eEF1A-GFP-NLS fusion protein to engage in nuclear export ( Figure 7B ) as previously shown by other groups (Bohnsack et al., 2002; Calado et al., 2002) , though, in our cellular system, the steady-state localization of this fusion protein was mainly nuclear (see Figure 7F ). In contrast, silencing of Exp5 did not disturb the nuclear export rate of VHL-PK-GFP-NLS ( Figure 7C ). These data suggest that the export pathway utilized by TD-NEM is independent of Exp5 and, consistent with data obtained with ActD and DRB, argues the possibility that tRNA may play a more minor role in this process.
This data raised the possibility that eEF1A may promote nuclear export of TD-NEM-containing proteins without having to enter the nucleoplasm. This would be consistent with a model proposed by Grosshans et al. (2000) and McGuire et al. (2007) that eEF1A can stimulate nuclear export of tRNA from the cytoplasmic side of the nuclear envelope and that eEF1A ongoing nuclear import rate, if any, is very slow (Bohnsack et al., 2002; Calado et al., 2002) . To test this, we designed an assay based on the nucleolar detention properties of the previously identified NoDS Hϩ (nucleolar detention signal mediated by Hϩ), which targets proteins for static detention by the nucleolar architecture of acidotic cells (Mekhail et al., 2005 (Mekhail et al., , 2006 (Mekhail et al., , 2007 . We reasoned that, upon NoDS Hϩ activation, an eEF1A-NoDS Hϩ fusion protein would be captured and detained by the nucleolus only if eEF1A is able to enter the nucleoplasm. NoDS Hϩ -GFP displays a diffuse nucleocytoplasmic localization pattern similar to GFP alone in neutral pH but accumulated in the nucleolus in acidotic cells, as previously described ( Figure  7D and Mekhail et al., 2005 Mekhail et al., , 2006 . Similarly, NES-NoDS Hϩ-GFP, which can diffuse into the nucleus but has a steadystate cytoplasmic localization due the presence of a strong and classical NES, is targeted to the nucleolus during acidosis ( Figure 7F ). PK-GFP-NoDS Hϩ failed to accumulate in the nucleolus of acidotic cells since it cannot import into the nucleoplasm, in contrast to the same fusion protein with an NLS ( Figure 7F ). eEF1A-GFP-NoDS
Hϩ did not accumulate in the nucleolus suggesting that eEF1A does not import into the nucleoplasm ( Figure 7F ). Addition of a NLS caused the complete nucleolar sequestration of eEF1A-NoDS Hϩ in acidosis indicating that this protein can be captured by the nucleolus once imported into the nucleus ( Figure 7F ). NoDS Hϩ -containing proteins that display a similar cytoplasmic distribution at steady state to eEF1A, but can import into the nucleoplasm, are captured by the nucleolus in acidic pH Figure 7 . The function of eEF1A in nuclear export of TD-NEM-containing proteins is Exp5-independent and exerted from the cytoplasmic side of the nuclear envelope. (A-C) Nuclear export by TD-NEM is independent of Exp5. (A) ME1A-NLS (MCF-7 cells stably expressing eEF1A-GFP-NLS) and MCF-7 cells were transfected with 100 nM Exp5 siRNA for 48 h and then lysed and subjected to Western blot analysis using an anti-Exp5 antibody. Actin was used as a loading control. ME1A-NLS cells (B) or MCF-7 cells transiently expressing VHL-PK-GFP-NLS (C) were mock-transfected or transfected with 100 nM Exp5 siRNA and incubated for 48 h after which nuclear export was analyzed by the live cell FLIP nuclear export assay, as previously described. Loss of nuclear fluorescence was plotted on a graph (B and C). (D-F) eEF1A is not targeted to the nucleolus by the NoDS Hϩ . (D) MCF7 cells were cultured in standard media (SD) and transiently transfected to express the indicated GFPtagged constructs. Cells were replenished with either fresh standard media (SD, pH 7.2) or acidification permissive media (AP, initial pH 7.2) that allows maximal extracellular acidification to pH 6.6 (see ( Figure 7F and see Mekhail et al., 2005) . The rate of nuclear export of TD-NEM-containing proteins is similar regardless of the extracellular pH ( Figure 7E ) providing evidence that eEF1A can function in nuclear export of TD-NEM-containing proteins without having to enter the nucleus.
eEF1A Specifically Interacts with the TD-NEM Nuclear Export Sequence
As expected, we found that both residues 114 -138 of VHL and residues 296 -317 of PABP1 alone, which encode TD-NEM and mediate transcription-dependent nuclear export activity, were sufficient to bind to eEF1A (Figure 8, A and B) . Single amino acid substitutions of key residues in the DxGx 2 Dx 2 L motif of VHL markedly reduced binding to eEF1A and nuclear export activity (Figure 8, A, C, and D) . These data further demonstrate a clear correlation between nuclear export activity of TD-NEM and its ability to interact with eEF1A.
eEF1A Is Required for Nuclear Export of TD-NEM
To verify the involvement of eEF1A during transcriptiondependent nuclear export our last criterion was to test the requirement for eEF1A in the nuclear export of the minimal TD-NEM sequence. We have previously shown that TD-NEM of both VHL and PABP1 mediate nuclear export of a PK-GFP-NLS reporter protein in a manner that is sensitive to ActD, but insensitive to LMB, an inhibitor of the classical NES/CRM1 nuclear export pathway (Khacho et al., 2008) . In contrast, nuclear export of the classical NES is inhibited by LMB but is unaffected by ActD (Khacho et al., 2008) . This demonstrates that nuclear export through TD-NEM operates independently of the classical CRM1/NES-mediated nuclear export pathway. siRNA-mediated silencing of eEF1A results in a decreased nuclear export rate of TD-NEM from both VHL and PABP1 to levels similar to those observed upon treatment with ActD ( Figure 9, A and B) . However, silencing of eEF1A did not have an effect on nuclear export of NES ( Figure 9C ) further demonstrating that the classical NES/ CRM1 nuclear export pathway operates independently of eEF1A. These results also support the involvement of eEF1A in TD-NEM-mediated nuclear export because the decreased export of TD-NEM upon silencing of eEF1A is not due to a decrease in protein synthesis or a general effect on nuclearcytoplasmic trafficking.
Next we tested the requirement of eEF1A to mediate nuclear export of TD-NEM in an in vitro nuclear export assay. Addition of decreasing amounts of cellular lysate to digitonin-permeabilized cells expressing TD-NEM-PK-GFP-NLS demonstrated the presence of a limiting factor in the lysate, which is required for mediating TD-NEM nuclear export ( Figure 9D ). Addition of cellular lysate depleted from eEF1A, using eEF1A specific antibodies ( Figure 9E and see Materials and Methods), resulted in a significant decrease in nuclear export of TD-NEM of VHL and PABP1 in digitoninpermeabilized cells when compared with nondepleted lysate or lysates incubated with an irrelevant Flag antibody ( Figure 9F and G). Addition of ActD to living cells before digitonin treatment resulted in a similar decrease in nuclear export ( Figure 9G ). These observations verify the results obtained with siRNA-mediated silencing of eEF1A and demonstrate that indeed eEF1A is required for nuclear export of TD-NEM.
DISCUSSION
VHL and PABP1 share the common characteristic of engaging in a nuclear export pathway that is dependent on ongoing RNA PolII activity, but independent of the classical CRM1/NES nuclear export pathway. We have previously shown that transcription-dependent nuclear export of VHL and PABP1 is mediated by a novel nuclear export motif, TD-NEM. Here we report that TD-NEM-mediated nuclear export involves an essential member of the translational machinery, the translation elongation factor eEF1A. eEF1A is a novel VHL and PABP1 interacting protein that binds specifically to the TD-NEM sequence. siRNA-induced si- The transcription-dependent nuclear export sequence, TD-NEM, of VHL and PABP1 is sufficient to interact with endogenous eEF1A. MCF-7 cells transiently expressing GFP alone or the TD-NEM sequences of VHL or PABP1 tagged with Flag and GFP were submitted to immunoprecipitation with anti-Flag beads and immunoblotted with antiFlag or anti-eEF1A antibodies. TD-NEM refers to residues 114 -138 of VHL and residues 298 -317 of PABP1. (C) Conserved residues in TD-NEM are required for eEF1A interaction. TD-NEM refers to residues 114 -138 of VHL. Flag and GFP-tagged D121A, G123A, D126A, and L129A indicate the amino acid that was substituted to alanine within residues 114 -138 of VHL. Immunoprecipitation and Western blot was as described above. (D) Conserved residues in TD-NEM are required for efficient nuclear export. MCF-7 cells transiently expressing TD-NEM, D121A, G123A, D126A, or L129A fused to PK-GFP-NLS or expressing PK-GFP-NLS alone were subjected to the live cell FLIP nuclear export assay. The loss of nuclear fluorescence during cytoplasmic FLIP was monitored and graphed.
lencing or antibody-mediated depletion of eEF1A decreases TD-NEM nuclear export kinetics. Inhibition of RNA PolIIdependent transcription impairs the TD-NEM/eEF1A interaction thereby decreasing TD-NEM-mediated nuclear export. Inhibition of eEF1A did not effect NES-mediated nuclear export of proteins, suggesting that eEF1A and CRM1 operate independently. Because eEF1A exhibits a predominantly cytoplasmic localization, we propose that its functional role is orchestrated from the cytoplasmic side of the nuclear envelope. The results presented here highlight the essential role of cytoplasmic export factors in the coordination of events that lead to export from the nuclear to the cytoplasmic compartment. Meanwhile, these results also provide a link between the translational apparatus and the subcellular trafficking machinery demonstrating that these two central pathways in basic metabolism can cooperate to sustain the highly dynamic nature of cellular processes.
Regulated and signal-mediated transport of proteins between the nucleus and the cytoplasm is critical for many cellular processes. Several studies have reported the need for ongoing RNA PolII activity to actively shuttle proteins between the nuclear and cytoplasmic compartments. Most studies have focused on the role of ongoing transcription in nuclear import of proteins such as hnRNPs (Pinol-Roma and Dreyfuss, 1991 , 1992 Siomi et al., 1997) . However, there are also proteins that necessitate RNA PolII-mediated transcription to efficiently export from the nucleus, including VHL and PABP1 (Afonina et al., 1998; Lee et al., 1999; Groulx and Lee, 2002; Griffis et al., 2004; Zhang et al., 2005; Khacho et al., 2008) . In an attempt to understand the mechanism of transcription-dependent nuclear export we set out to identify components involved in this nuclear export pathway. In doing so, we have identified a member of the translational machinery, eEF1A, as a factor involved in the transcriptiondependent nuclear export pathway. The correlation between binding and nuclear export activity argues that the interaction between TD-NEM and eEF1A is biochemically relevant. Removal of TD-NEM from full-length VHL totally abolished binding to eEF1A. TD-NEM alone from both VHL and PABP1, which consists of only a few residues, bound to eEF1A. However, mutations of key residues within the DxGx 2 Dx 2 L consensus sequence of TD-NEM, particularly G123A, measurably hindered the ability of TD-NEM to bind to eEF1A and mediate export of reporter proteins. Yet, it is the data obtained with the functional assays that substantiates a role for eEF1A in TD-NEM-dependent nuclear export. Silencing of endogenous eEF1A alters the steady-state localization of full-length endogenous PABP1 and transiently expressed VHL, and the nuclear export competent VHL truncation mutant ⌬C157. The reduction of nuclear export rate in a FLIP nuclear export assay of cells treated with siRNA against eEF1A argues that eEF1A has a direct role in the nuclear export activity of TD-NEM in living cells though a potential role of cytoplasmic retention cannot be formally excluded. However, depletion of endogenous eEF1A from a cellular lysate resulted in a decrease in nuclear export activity of TD-NEM-containing proteins in an in vitro nuclear export assay arguing that eEF1A is directly involved in nuclear export. Treatment with ActD or DRB partially abrogated binding of eEF1A with TD-NEM, providing a possible Figure 9 . eEF1A is required for TD-NEMmediated nuclear export. (A-C) TD-NEM nuclear export requires eEF1A and is independent of the CRM1/NES nuclear export pathway. MCF-7 cells were transiently cotransfected with the indicated constructs and 100 nM eEF1A siRNA for 48 h before being assessed by the live cell FLIP nuclear export assay. Where indicated, cells were transfected with the indicated constructs then treated with either 2 M ActD or 10 M LMB for 1 h before cytoplasmic FLIP. The loss of nuclear fluorescence was monitored and graphed. (D-G) eEF1A is required for nuclear export of TD-NEM in an in vitro export assay. (D) Protein levels in an MCF-7 cellular lysate were quantified using standard protein quantification methods. Buffer alone or cellular lysate containing different protein amounts in the presence of the ATP-, GTP-, and ATP-regenerating system were added to digitonin-permeabilized cells transiently expressing TD-NEM-PK-GFP-NLS. Nuclear export was monitored by loss of nuclear fluorescence. Relative loss in nuclear fluorescence was calculated and plotted on a graph. (E) MCF-7 lysate containing 0.5 mg of protein was depleted of eF1A using eEF1A specific antibody (see Materials and Methods for details). The depletion of eEF1A was assessed by Western blot analysis. Actin was used as a control. (F and G) MCF-7 cells transiently expressing the indicated constructs were permeabilized with digitonin and incubated with transport buffer alone, MCF-7 lysate, or MCF-7 lysate that was depleted of eEF1A. Where indicated cells were pretreated with 8 M ActD for 3 h before permeabilization with digitonin and the nuclear export assay was performed using undepleted MCF-7 lysate containing 8 M ActD. All conditions were performed in the presence of ATP-, GTP-, and ATP-regenerating system. Nuclear export was monitored by loss of nuclear fluorescence (F). Relative loss in nuclear fluorescence was calculated and plotted on a graph (G).
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Vol. 19, December 2008explanation for their ability to block TD-NEM activity and nuclear export of VHL and PABP1. Although TD-NEMmediated nuclear export does not appear to occur via mRNA export, we cannot exclude the possibility that other RNA PolII-dependent RNA species may be involved. Put together, these data, in addition to the binding results, support a role for eEF1A in TD-NEM-dependent nuclear export.
Several lines of evidence suggest that eEF1A itself is a key element in the coordination of TD-NEM nuclear export, rather than its contribution to protein translation as a member of the translational machinery. First, acute inhibition of protein translation by cycloheximide did not have an effect on TD-NEM-mediated nuclear export. Second, chronic inhibition of translation was tested by silencing of another translation elongation factor, eEF2, such that a comparable decrease in steady-state protein levels and translational activity, as in eEF1A silencing, was achieved. Knockdown of eEF2 did not have an effect on the localization or the nuclear export activity of TD-NEM-containing proteins compared with silencing of eEF1A. In addition, these experiments suggest that blockage of protein synthesis during the period of the experiments did not deplete a protein whose synthesis would have been required for nuclear export of TD-NEMcontaining proteins. Finally, the role of eEF1A in TD-NEMmediated nuclear export was addressed using in vitro nuclear export assays. This assay uncouples ongoing translation with nuclear export activity of eEF1A and it eliminates the possibility for the loss of unknown factor(s) required for nuclear export. Together these results aid to uncouple the role of eEF1A in TD-NEM-mediated nuclear export and protein synthesis.
Work conducted by several groups, including the present study, have failed to detect endogenous or exogenous eEF1A in the nuclear compartment. In fact, Calado et al. (2002) proposed the Exp5 pathway as a way to exclude eEF1A from nuclei if it were ever to enter, such as after cell division. In this study we demonstrate that TD-NEM-mediated nuclear export is independent of the Exp5 pathway. Also, the nucleolar retention experiments shown here, in addition to data from other groups, suggest that eEF1A may exert its function in TD-NEM-dependent nuclear export from the cytoplasmic side of the nuclear envelope. Because the nucleolar retention experiments were performed using exogenous eEF1A, we cannot formally exclude the possibility that a small population of endogenous eEF1A is capable of entering the nuclear compartment. In fact, this is an intriguing possibility that would easily explain the role of eEF1A in nuclear export of RNA species and TD-NEM proteins. It is difficult to assess whether this is the case. Consistent with a possible cytoplasmic role for eEF1A, is the work by Grosshans et al. (2000) that reported a role for cytoplasmic eEF1A in nuclear export of tRNAs in yeast, where nuclear accumulation of mature tRNAs was observed in strains with reduced amounts or mutated eEF1A. Because eEF1A was undetectable in the nuclear compartment, Grosshans et al. postulated that eEF1A may function at the cytoplasmic face of the nuclear pore to facilitate the release of charged tRNAs from the aminoacyl-tRNA synthase. Interestingly, another cytoplasmic protein, Cexp1, has been recently identified as a component of the tRNA export pathway. In fact, given that Cexp1 associates with the NPC by interacting with Nup116p, it was proposed that Cexp1 collects aminoacyl-tRNAs from nuclear export receptors at the cytoplasmic side of the NPC and transfer them to eEF1A using a channeling mechanism (McGuire and Mangroo, 2007) . Now we have evidence to support a role for eEF1A in nuclear export of TD-NEM-containing proteins. Because a common theme for cytoplasmic nuclear export factors is their involvement in the final steps of transport, it is possible that eEF1A functions in receiving proteins as they pass through the NPC. In this sense, eEF1A may utilize its GDP/GTP binding properties to release proteins in the cytoplasm, similar to the manner by which RanGTP hydrolysis to RanGDP results in the release of exportin-cargo complexes.
Previously, cytoplasmic eEF1A has been implicated in the nuclear export pathway of tRNA in yeast. We propose that eEF1A is a cytoplasmic component of the TD-NEM-dependent nuclear export pathway in mammalian cells. The fact that eEF1A may function only from the cytoplasmic side of the nuclear envelope implies the existence a yet unidentified nuclear exporter that would interact with TD-NEM-containing cargo in the nucleus to facilitating its passage though the NPC. However we cannot rule out the possibility that the TD-NEM/eEF1A system operates independently of known classical nuclear export pathways. Future work in unraveling other components of this export pathway will further uncover the mechanism of transcription-dependent nuclear export of proteins and clarify the precise role of eEF1A during this process.
